The flow structure at Vallon d'Ol (43.35°N, 5.4°E) on a gentle slope in the northern suburbs of Marseille in southern France has been documented by means of surface wind and temperature measurements collected from 7 June to 14 July 2001 during the ESCOMPTE experiment ('Field experiment to constrain models of atmospheric pollution and emissions transport') (Cros et al., 2004) . The analysis of the time series reveals temperature and wind speed oscillations during several nights and several days during the whole observing period.
Oscillating katabatic winds have been reported in the literature from theoretical, experimental and numerical studies. In the present study, the dynamics of the observed oscillating katabatic winds are in good agreement with the theory. Comparatively to katabatic winds, no daytime observations of oscillating anabatic upslope flows have ever been published, probably because of temperature inversion breakup that inhibits upslope winds. The present paper shows that cold air advection by sea-breeze generates a mesoscale horizontal temperature gradient that forces the baroclinicity of the atmosphere which then allows low-frequency oscillations, similarly to katabatic flow. An expression of the oscillation period is derived which accounts for the contribution of the sea-breeze induced mesoscale horizontal temperature gradient. The theoretical predictions of the oscillation period are compared to the measurements and a very good agreement is found.
OBSERVATIONS
Vallon d'Ol is an isolated hill located in the north of Marseille. The instrumental site is at 270 m above sea level (ASL) and it is close to the coastline (Fig. 1) , which makes this site strongly influenced by the thermal induced breeze circulation that often develops in this region during summertime (Bastin et al., 2004) .
The direction of the sea-breeze that blows over Vallon d'Ol is nearly 240° since the coastline has a northwest-southeast orientation. The following data are used in this study ( Fig.1 
Observations on 25 June 2001
The synoptic situation for this day is anticyclonic and sea-breeze blows over Vallon d'Ol. During nighttime (00-08 local time (LT) (UTC+2)), the wind is very weak (≈ 1 m s -1 ) and the mean value for its direction is nearly 70° (northeast) (Fig.2) . The transition between nighttime and daytime is well marked. During daytime, the wind direction is about 250°, corresponding to the sea-breeze and maximum slope directions at Vallon d'Ol (Fig.1c) and the wind speed increases from 1 to 4 m s -1
. The observed wind is likely to be a combination of the two thermally driven winds and the influence of the local perturbation due to the sea-breeze on the upslope flow cannot be assessed from the data.
Figure 2 and 3c clearly shows the existence of temperature and velocity oscillations. These oscillations have a larger magnitude during daytime than during nighttime. Figure 3 shows the nighttime and daytime temperature oscillations as a function of time (panels a and c) and the corresponding power spectrum (panels b and d). It reveals an oscillation period of about 1 hr with a 1.5 hr modulation during nighttime, similarly to Helmis and Papadopoulos (1996) who showed evidence of the co-existence of several time scales (which they attribute to the combination of the katabatic downslope flow with synoptic flow). The north-east component of the oscillating katabatic flow is consistent with Hérnandez et al. (1998) who showed from numerical simulations, that the air drains off the mountain along the maximum slope direction. During daytime, the temperature oscillates between 24°C and 28°C with a period of nearly 3 hrs (Fig.3d) . Looking in detail, the period is not strictly constant. The time period increases from about 150 min at the beginning of the day up to 210 min in the evening. The wind speed displays periodic intensifications too, with the same period but with a phase shift with respect to the temperature time series. Figure 2 also shows that the sea-breeze flow reaches Barden at 08 LT and that the wind reverses at 22 LT, but no temperature or wind speed oscillation is visible at Barden. This corroborates the fact that temperature and wind oscillation at Vallon d'Ol results from the interaction between the seabreeze flow and the slope since the terrain is flat in the Barden area. The time series of virtual potential temperature at different heights above ground level on 25 June 2001 (not shown), as retrieved from the RASS sodar located at Vallon d'Ol indicate that the oscillations exist within a 250~m deep layer which is embedded in the sea-breeze circulation of about 1000~m depth (Bastin et al.,2004) . 
Statistical analysis
During the ESCOMPTE campaign, several nights and days have presented this type of periodical fluctuations in the Marseille area, in particular at Vallon d'Ol. 
DISCUSSION

Theoritical considerations.
The main difference between daytime and nighttime slope flows is the creation of unstability when the air adjacent to the surface is warmed more than the free air just above it. Radiative heating creates a horizontal pressure gradient that drives the upslope flow but, in the same time, convection and turbulence are generated to reverse the vertical unstability of the atmosphere. If convection is strong, the 'buoyancy layer' may be fully eroded by mixing, temperature inversion breakup can occur and upslope winds can be inhibited (Whiteman, 1982a,b) . The dynamical process we suggest here to explain the oscillating character of the upslope wind is the following: the advection of cold air by sea-breeze imposes a mesoscale temperature gradient that forces the baroclinicity of the atmosphere. This temperature gradient is maintained all day long. The mechanism of the observed oscillations is thus very similar to lowfrequency oscillations of katabatic flows: (i) the isentrope inclination allows the sea-breeze flow to run along the slope; (ii) the adiabatic cooling due to the air ascension retards the flow; (iii) the radiative heating near the surface allows the flow to accelerate.
Following Mahrt (1982) or Manins and Sawford (1979) and by writing the potential temperature as follows: ) and the horizontal gradient of the temperature perturbation are also supposed to be spatially constant. θ' represents the total deviation of θ from the reference value), we can obtain the following differential equation set (using approximation of hydrostatic):
where V is the bulk velocity along the slope, Θ the bulk potential temperature (averaged over the warmed surface layer of depth h), F a general frictional force, Q the warming rate averaged over h and x the horizontal axis oriented in the direction of the maximum slope. By combining and differentiating these two equations, we obtain a differential equation which describes a harmonic oscillation of wind with the following pulsation frequency:
This expression is valid for both daytime and nighttime periods. It is very similar to that found in the literature except that we have additional terms here, the most important is α θ cos x ∂ ∂ that is associated with the sea-breeze flow. The sea breeze flow maintains baroclinicity and allows the atmosphere to be locally stable. The order of magnitude of ∂θ/∂x during daytime is 0.1° km -1 and it is smaller in absolute value during nighttime when the land breeze blows. The vertical gradient of potential temperature γ is about 10° km -1 during the night and it can be zero in the atmospheric boundary layer during daytime. During daytime, the horizontal and vertical gradient of θ * are progressively cancelled due to convection. Thus, during nighttime, the main contribution to the oscillation is generally the vertical stratification and the expression of the oscillation period can be reduced to 2Π/(N sin α), where N is the Brunt-Väisälä frequency (N 2 = g/θ 0 Γ), as derived by Schumann (1990) . During daytime, for small slope angle (i.e. cos α = O(1) and sin α = O(α)), the horizontal mesoscale temperature gradient can dominate over the other terms which sometimes can be negligible However, Fig.5 shows that From these values, Eq.1 gives an oscillation period of 132 min in the morning (before 12 LT), and 207 min in the afternoon (before 17 LT), which are good estimates of the observed oscillation period which varies between about 150 and 210 min. Furthermore, the comparison between the observed daytime oscillation periods and the theoretical prediction which includes the contribution of the mesoscale horizontal temperature gradient was found to be in good agreement for the whole ESCOMPTE campaign. For some days, the wind is oriented in the same direction as the sea-breeze flow (southwest) but no oscillation is visible. Except for one case (24 June 2001), the absence of vertical and horizontal gradient explains the absence of oscillations which is consistent with Eq.1 (the oscillation period tends to infinity). On 24 June 2001, the reason why oscillations do not occur is unknown.
CONCLUSION
This study shows the existence of temperature and wind velocity oscillations measured during nighttime and daytime at Vallon d'Ol on a gentle slope in southern France. During nighttime, the mechanism that generates these oscillations is that proposed by Fleagle (1950) and the expression of the oscillation period: (2Π/(N sin α)) derived by Schumann (1990) gives good agreement with observed values. During daytime, the theoritical expression of the pulsation accounts for the existence of the mesoscale temperature
